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Abstract.

Background.

Upon phylogenetic data, coincidence of Convergent Amino Acid Substitutions (CAAS) with
phenotypic convergences allow pinpointing genes that are likely to be associated with trait
variation. Such findings can provide useful insights into the genetic architecture of complex
phenotypes. Here we introduce CAAStools, a set of bioinformatics tools to identify and validate
CAAS in orthologous protein alignments for pre-defined groups of species representing the

phenotypic values targeted by the user.

Implementation and availability

CAAStools source code is available at http:/github.com/linudz/caastools, along with

documentation and examples.

Supplementary information

Supplementary data are available.
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Introduction.

Convergent Amino Acid Substitutions (CAAS) can provide important insights into the genetic
changes underlying phenotypic variation (Zhang and Kumar, 1997; Ray et al., 2015). Recent
examples include the identification of genes potentially involved in marine adaptation in
mammals (Foote et al., 2015), and the convergent evolution of mitochondrial genes in deep-sea
fish species (Sheng et al., 2019). Notably, in 2018, Muntané et al. identified a set of 25 genes
involved in longevity in primates (Muntané et al., 2018). A few years later, a similar analysis for
a wider phylogeny retrieved 996 genes associated with lifespan determination in mammals (Farré
et al., 2021). While these analyses often need to be adapted for each particular phenotype and
phylogeny, the CAAS detection and validation strategies reported in the literature share some
common steps (Rey et al., 2019). First, researchers select the species to compare for CAAS
analysis, and split them into two or more groups according to the phenotype. These groups can
be formed, for instance, by species having diverging values of a given continuous trait, or by
species sharing different adaptations, like terrestrial and marine mammals (Foote et al., 2015).
The second step consists in linking amino acid substitutions with each group. For that step,
different approaches can be used, such as identifying identical substitutions for the same amino
acid (Besnard ef al., 2009; Chabrol et al., 2018), detecting topological incongruencies (Li et al.,
2008), variations in amino acid profiles (Rodrigue et al., 2010; Rey et al., 2018), or relying on
consistent patterns of groups of amino acids in different groups of species (Zhang et al, 2014;
Muntané et al., 2018, Farré et al., 2021). The third step consists in testing the significance of the
results. For instance, resampling tests can be performed to evaluate whether the number of
detected CAAS is larger than expected by chance (Muntané et al., 2018; Farré et al., 2021), and
also consistency checks with independent sets of species (Farré ef al. 2021). Implementing a
computational workflow for proteome-wide CAAS identification is challenging, as all these
steps can become computationally expensive if applied to a large set of alignments. Here we
present CAAStools, a toolbox for CAAS identification and validation, that is designed to be

included in parallelized workflows.
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Implementation.

CAAStools is a multi-modular python application organized into three tools. The outline of the
suite is presented in Figure 1. The discovery tool is based on the protocol used in Muntané et al.,
2018 and Farré et al., 2021. This approach identifies CAAS between two groups of species in an
amino-acid Multiple Sequence Alignment (MSA) of orthologous proteins. These groups are
named Foreground Group (FG) and Background Group (BG). Collectively, the two groups are
called Discovery Groups (DG), as they represent the base for CAAS discovery. The CAAS
identification algorithm scans each MSA and returns those positions that meet the following
conditions: First, the FG and the BG species must share no amino acids in that position. Second,
all the species in at least one of the two discovery groups (FG or BG) must share the same amino
acid. The combination of these two conditions determines a set of different mutation patterns that
the tool identifies as CAAS. Details on these patterns are provided in the Supplementary Table 1.
Finally, CAAStools calculates the probability of obtaining a CAAS in a given position compared
to randomized DGs, corresponding to the empirical p-value of the predicted CAAS in that
position. The details of this calculation are presented in Supplementary section 3. The Resample
tool sorts species into n virtual DGs (resamplings) for bootstrap analysis according to different
permutation strategies. In a Naive modality, the probability of every species being included in a
DG is considered identical and independent. However, species are phylogenetically related,
biasing their probability of sharing a phenotype or amino acid. To address these phylogenetic
dependencies CAAStools includes two other permutation strategies. In the Phylogeny-restricted
modality, the randomization can be restricted to some taxonomic orders or defined clades
(typically matching the phylogenetic divergences present within and/or between DGs). In the
Brownian motion modality, resampling is based on Brownian Motion simulations. This Brownian
motion modality is inspired by the “permulation” strategy for trait randomization (Saputra et al.,
2021), and its implementation relies on the simpervec() function from the RERconverge package
(Kowalczyk et al., 2019). Finally, the bootstrap tool determines the iterations returning a CAAS
for each position in a MSA to establish the corresponding empirical p-value for the detection of a
CAAS in that position. Both the discovery and the bootstrap tools are designed to be launched on

single MSAs, in order to allow the user to parallelize the workflow for large protein sets.
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Usage and testing

We tested CAAStools on the dataset from Farré et al., (2021). The details of this test are reported
in Supplementary 3. The full dataset is available in the /test folder within the CAAStools

repository.
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Figure 1. CAAStools layout. The 3 tools of the CAAStools suite rely on 3 pieces of
information; a phylogenetic tree, the trait information, and an amino acid MSA. The discovery
tool (A) detects the CAAS between two groups of species that are defined by the user on the
basis of trait values. The resample tool (B) performs n trait resamplings in different modalities,
on the bases of the phylogeny and the trait value distributions. The output of this resampling is
processed by the bootstrap tool (C) that elaborates a bootstrap distribution from the MSA. All the
tools can be executed independently.
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Supplementary information.

Supplementary 1. CAAS Discovery algorithm.

Given two Discovery Groups (DGs, Foreground and Background groups, FG and BG,
respectively), the discovery tool recognizes as CAAS all those substitutions that meet two
requirements. Let 4 be an MSA of ¢ sequences of length #. We can describe A as an array
of ¢ positions [1]. Each position (pos;) will consist of a set of N different amino acids, a,
with absolute frequency (or count), f, where NS is the total number of symbols in the
alignment [1].

[1] A = (pos; pos; ... posy) ; pos;= a; fia, f, . Ans o [ ns 5 211\15 f=
q

The FG and the BG are formalized as sets of different species srg and sgg, with no
intersection and size Irg and Isg [2].

[2] Spg = (51 Sg e Sipg ) ; Sge = (51 Sy . Slsc)
Spg N Sgg = @

In each alignment position, sg; and sp; are associated with two sets of amino acids,
fg(pos;) and bg(pos;), with length wg; and wpg.

[3] fgos) = arfiay fo o Qwpp - fwpe 5 bg(posy) =
a1 fr @z fo o Qupg - [ wpg

CAAStools identifies a CAAS when three conditions are met [4]. First, the two groups
must share no amino acids. This means that all the species in the FG need to have different
AAs than the species in the BG. Second, at least one of the two DGs must share (or
“converge to”’) the same amino acid. Also, the CAAS is detected if at least one amino
acid is associated to both DGs

[4]  CAAS{fg(pos;) Nbg(pos;) =@ Wrs == 1orwps == 1wg; >
Oand wg; > 0

The combination of these three rules defines 3 different mutation patterns. We define
pattern 1 when the DGs converge to two different amino acids (W = 1; wg; = 1).
The pattern 2 will be verified as the FG converges to one amino acid, but the BG will be
associated with different amino acids (Wg; = 1; wgg > 1). Pattern 3 will consist in the
opposite situation, or else when the FG is associated with different amino acids, whilst
the BG converges to a single amino acid (Wg; > 1; wg; = 1). Supplementary Table
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1 summarizes the differéYPRRRARShHAFMS AR hE BHEEH St quirements for CAAS

identification.
Discovery Groups Difference Convergence in Pattern
FG BG between DGs FG BG
KV K NO NO YES Not a CAAS (No difference)
M ™ NO YES NO Not a CAAS (No difference)
MK VE YES NO NO Not a CAAS (No convergence)
K \% YES YES YES Pattern 1 (Both convergent)
K VM YES YES NO Pattern 2 (FG convergent, BG multiple)
KE \ YES NO YES Pattern 3 (FG multiple, BG convergent)

Supplementary Table 1. Mutation patterns and associated program decisions on CAAS
assignment.

Supplementary 2. CAAS discovery statistical testing

CAAStools calculates an empirical p-value for each CAAS prediction. This p-value is
equal to the probability of obtaining a CAAS with random species, and under the same
conditions as the CAAS discovery (size of the DGs, maximum permitted gaps and
missing species). Following the MSA description in [1], we’ll consider a couple of DG
(FG and BG) of size I and lg, as formalized in [2]. The probability to obtain a CAAS
from random species is calculated as the probability of extracting concomitantly kpg;
and kg objects from a population of size N over a number of extractions n, provided the
conditions in [4],1.e. kg N kg = @ and wkp; == 1 or wkg; == 1 where wkis the
number of symbols in the resampling k. This probability can be calculated through the
probability mass function from the hypergeometric distribution [5].

_ WG
(5] Pl = 20

P(CAAS) = P(FG) * P(BG)

= Hyp(N,K, k,n)

{P(FG) = Hyp(Ngg, Kpg, kpg:pg) Nrg = q — lpg kpe = lpg —
nullpg npg = kpe ; {P(BG) = Hyp(Npg,Kpg, kpg,Mng) Ngg = q — lpg kpg =
lgc — nullgg ngg = kpg

Note that the size of the population N in each set is calculated as the difference between
the total number of sequences in the alignment g and the size of the other group (g —
lzc), (@ — lpg), since the two extractions are concomitant but not interdependent. Also,
the number of extractions kp; and kg are equal to the difference between the size of the
DGs and the number of indels and missing species allowed by the user (nu/l). The terms
Kr; and Kp represent the number of successes in the population. In [6], [7] and [8], we
see how this value can be calculated considering all the possible combinations of amino
acid symbols that meet the requirements for CAAS detection [4].

[6] Cp1z = {Kpg = [f]]: Kpe = [q —f]] Va; € pos;}
CP1,2 = [(KFGl; KBGl)' (KFGZ; KBGZ) (KFGZ; KBGZ)]
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[7]  Cpiz = {(Krg =182 FYeRGSEENF 1R/, e mgiggayicense.
CP1,3 = [(KFGl; KBGl)r (KFGZ; KBGZ) "'(KFGZ; KBGZ)]

[8] Cp1 = {Kpg = [f]]: Kpe = [fnl Y aj, ax € pos;}
Cp1 = [(KFGl; KBGl)'(KFGZ; KBGZ) (KFGZ; KBGZ)]

These combinations are based on patterns (P). Note that Cp; , and Cp, 3 overlap, and

that the intersection coincides with Cp;. We can now calculate the CAAS probability
separately for each pattern [9].

[9] P(CAASp13) = X3=1 Hyp(NFG'KFGx'kFG'nFG) *
Hyp(Nge, Kge,» Kper tng)

P(CAASp12) = Y31 Hyp(NFG'KFGx'kFG'nFG) *
Hyp(Nge, Kge,» Kper tng)

P(CAASpy) = 251 Hyp(NFG'KFGx' kg npg) *

Hyp(Nge, Kge,» Kper tng)
The probability to obtain a CAAS in position pos; is hence calculated as it follows:

[10] pvalue pos; = P(CAASPOSL) = P(CAASP1,3) + P(CAASPLZ) - P(CAASPl)

Supplementary 3 — CAAS discovery from Farré et al., 2021.

As a test run for CAAStools, we repeated the CAAS discovery from the results published
by Farré et al., in 2021 and entitled “Comparative Analysis of Mammal Genomes Unveils
Key Genomic Variability for Human Life Span” (DOI: 10.1093/molbev/msab219). In this
work, 13,035 MSA from UCSC public database (https://genome.ucsc.edu/, accessed
August, 2019) were scanned to find CAAS between two groups of species with divergent
maximum lifespan. The “long lived” group is formed by Homo sapiens (hg38), Nomascus
leucogenys (nomLeu3), Heterocephalus glaber (hetGla2), Myotis davidii (myoDavl),
Mpyotis lucifugus (myoLuc2), Eptesicus fuscus (eptFusl). The “short lived” group is
formed by Mesocricetus auratus (mesAurl), Rattus norvegicus (rn6), Pantholops
hodgsonii (panHodl), Sorex araneus (sorAra2), Condylura cristata (conCril),
Monodelphis domestica (monDom5). Farré et al., filtered the results from CAAS
discovery to those CAAS having no gaps or missing species, and focused their analysis
on the CAAS of scenarios 1 and 2, which correspond to patter 1 and 2 in CAAStools
terminology.

We have repeated this analysis under the same conditions, filtering for pattern 1 and 2
and for no gaps in foreground (short-lived group) and background (long-lived group). The
results (Supplementary dataset 1) and the phenotype configuration (Supplementary
dataset 2) are available in the supplementary.material.xls spreadsheet. Our analysis
confirmed the retrivement of 2737 mutations in 2004 MSA.
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